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Thiazides stimulate calcium absorption in the turtle bladder. The
mechanism of action of the thiazide diuretics on calcium transport is not
completely understood. The present study was designed to examine the
effect of hydrochlorothiazide (HTZ) on Na transport, proton secretion,
and Ca45 flux in the turtle bladder, a high resistance membrane. When
added to the mucosal solution, 1 msi HTZ had no effect on Na transport
or proton secretion, but significantly increased mucosa.to-serosa Ca45
flux at 60 minutes (control 118.9 39.7 pmol/mg/60 mm versus thiazide
286.0 64.9 pmol/mg/60 mm, N = 16, P < 0.02). In the presence of 5
X 1O si ouabain, a maneuver which inhibits active Na transport, HTZ
again significantly enhanced mucosa-to-serosa Ca45 flux. The increment
of calcium transport under these conditions was 83.4 35.2 pmol/mg/60
mm (N = 8, P < 0.05). Mucosal HTZ had no effect on serosa-to-mucosa
(that is, bath-to.lumen) Ca45 flux after a 60 minute incubation. Serosal
addition of HTZ had no effect on either of the unidirectional Ca45 fluxes
or on Na transport. Mucosal tissue Ca45 content was enhanced by HTZ
(mucosal) in the presence or absence of ouabain. These results provide
support for the view that thiazides have a direct stimulatory effect on
calcium absorption at the luminal membrane, perhaps secondary to
increased mucosal calcium permeability.
Thiazide diuretics are known to affect calcium transport in
the mammalian kidney [1]. Using microperfusion and micro-
puncture techniques Costanzo and coworkers [2, 3] have shown
that chlorothiazide infusion stimulates the lumen-to-blood Ca45
flux in the distal nephron of the rat.
The turtle bladder is a high resistance epithelium capable of
bidirectional calcium transport. Under open-circuit or short-cir-
cuit conditions this membrane normally secretes calcium into
the mucosal lumen (that is, the serosa-to-mucosa Ca45 flux is
much greater than the reverse flux) [41. Following inhibition of
sodium transport with ouabain or zero sodium (mucosa), the
calcium flux reverses and becomes absorptive. These unique
characteristics make the turtle bladder an ideal epithelia to
study the direct effects of the thiazides on calcium homeostasis.
The effects of the thiazides in turtle bladder have been
addressed in only one study to date. Leif, Mutz and Bank [5]
found that the mucosal application of chlorothiazide or hydro-
chiorothiazide stimulated proton secretion in a dose dependent
fashion. Neither of the compounds affected sodium transport.
The effect of the thiazides on calcium transport has not been
studied in the turtle bladder.
The present study was designed to examine the direct effect
of mucosal and serosal hydrochlorothiazide on unidirectional
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calcium fluxes in turtle bladder. Our results show that mucosal
hydrochlorothiazide stimulated only the mucosa-to-serosa Ca45
flux; the drug was without effect on the serosa-to-mucosa Ca45
flux, sodium transport and proton secretion.
Methods
Measurement of sodium transport and hydrogen secretion
The urinary bladder of the fresh water turtle (Pseudemys
scripta) was removed, divided, and each hemibladder was
mounted in an 8 cm2 plexiglass Ussing chamber as previously
described [6, 7]. The hemibladders were bathed in 10 ml of
Ringer's solution of the following composition (mM): NaCI,
114.4; KCI, 3.5; Na2HPO4, 2.0; CaCI2, 1.8; MgCl2, 2.5; dex-
trose, 5; pH 7.4 at 21°C. The mucosal solution was bubbled with
compressed air (following passage through three serial KOH
traps), and the serosal solution was bubbled with a gas mixture
containing 99% air and 1% carbon dioxide. The spontaneous
potential difference (PD) was measured with 3 M KCI-agar
bridges and calomel half cells which were connected to a
Keithley model 600B Voltmeter (Keithley Instruments, Inc.,
Cleveland, Ohio, USA). An automatic voltage clamp was used
to supply enough current via KCI-agar bridges and Ag-AgCl2
electrodes to nullify the spontaneous PD. The short-circuit
current (SCC) was measured with the aid of a Simpson micro-
ammeter (ramp/8 cm2), and was taken to be equal to the rate of
Na transport [61. All experiments were performed in the short-
circuited state, and bladders which failed to maintain a sponta-
neous PD greater than 15 mV during the first hour were
discarded.
The rate of hydrogen ion secretion was measured either by
the reverse short-circuit current (RSCC, amp/8 cm2) tech-
nique after sodium transport was abolished by 5 x M
ouabain (serosal), or by the pH Stat technique (rmol/hr) [6, 8].
Experiments from our laboratory and others have demonstrated
that the RSCC equals the rate of proton secretion as measured
titrametrically using the pH Stat technique [6. 8]. In the
experiments reported here, the RSCC or SCC was recorded
continuously except for brief intervals when the PD was mea-
sured.
Hydrochlorothiazide, 1 mrvi (HTZ), was dissolved in ethano-
lie NaOH (pH 10) and was added to either the mucosal or
serosal solution of one hemibladder. The paired hemibladder
received an equivalent volume of diluent. The concentration of
HTZ (1 mM) was specifically chosen as it has no effect on
proton secretion in turtle bladder IS]. After HTZ addition, the
pH of the mucosal and serosal solutions was maintained at 7.4.
Sodium transport (SCC) or hydrogen ion secretion (RSCC or
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pH Stat) was followed for 120 minutes. Bladders were dis-
carded if the paired diluent-treated time control fell to less than
85% of baseline SCC (or RSCC) during the experimental period
(this occurred in approximately 8% of all experiments).
Eight additional SCC experiments were performed using toad
bladder according to the protocol as described above [71. We
performed these experiments to document the inhibitory effect
of 5 x 1O M mucosal HTZ on sodium transport as has been
reported by others [9].
The results for sodium transport (SCC) and hydrogen secre-
tion (RSCC) are presented as amp/8 cm2 surface area (x
5EM) and percent of baseline control SEM. The results for
hydrogen ion secretion (pH Stat) are presented as mol/hr
SEM. Statistical significance was chosen at the P < 0.05 level
using the paired t = test.
Measurement of Ca45 fluxes
Unidirectional Ca45 fluxes were measured as follows: Tissues
were short-circuited and allowed to stabilize for at least 60
minutes before the experimental period [6]. Electrical parame-
ters were recorded continuously. HTZ (1 mM) or diluent was
then added to the mucosal or serosal solutions for an additional
60 minutes. At the end of this period, Ca45C17 (1.0 Ci/ml) was
placed on either the serosal or the mucosal side of the hemi-
bladders. Duplicate samples from both the serosal and mucosal
solutions taken at zero time and after 60 minutes were counted
in a Beckman liquid scintillation counter at 4°C using Bray's
solution as the fluor. At the end of the experiment, samples of
the exposed tissue were then punch cut into two to four equal
pieces, weighed and digested in 5 N NaOH. Following neutral-
ization with 0.2 N HCI and decolorization with 11202, the tissues
were counted for radioactivity in Bray's solution for measure-
ments of Ca45 content. Appropriate corrections for quenching
and machine efficiency were made.
Since bladder weights varied substantially, results for cal-
cium transport are expressed as pmol/mg tissue wet wt/hr
SEM. Calcium absorption is the mucosa-to-serosa flux, calcium
secretion is the serosa-to-mucosa flux, and net calcium flux (Ja
Net) is the difference between the two. By convention, since
the serosa-to-mucosa Ca45 flux is the higher of the two under
Control conditions, net calcium flux (Ja Net) is defined as
S—* M flux minus M — S flux, and a positive integer designates
control JcaNet. Tissue Ca45 content is expressed as pmol/mg
tissue wt SEM. Statistical significance was chosen at the P <
0.05 level using the paired t = test.
Experiments were also performed in a separate series of
bladders to verify that the design described above measured
Ca45 fluxes under steady state conditions. Hemibladders were
mounted and short-circuited for 60 minutes; 5 x lO M ouabain
(or diluent) was added to the serosa for 60 minutes. Ca45 was
then added to the mucosa of one hemibladder and the serosa of
its mate. Timed samples from each bath were taken from 0 to 4
hours (0.25, 0.5, 0.75, 1, 2, 3, and 4 hr) and the rate of Ca45 flux
into the unlabelled solution calculated. After the one hour time
period, the rate of Ca45 flux was not statistically different from
2, 3, and 4 hours in the individual groups and are as follows:
Control (S —* M) = 5.31 0.61 and 5.08 0.47
pmol/min/mg at I and 4 hr, respectively (N = 12, NS)
Table 1. Effect of mucosal hydrochlorothiazide (HTZ) on sodium
transport (SCC) and potential difference (PD) in turtle bladder
Parameter Control P 1 mss HTZ
Baseline SCC 252.0 41.1 NS 249.3 44.1
p.ampl8 cm2 (8) (8)
Baseline PD 37.7 4.0 NS 40.6 3.6
mVa (8) (8)
SCC % baseline control, 100.1 5.0 NS 109.7 6.1
60 minutes (8) (8)
Results are expressed as x SEM; numbers given in parentheses are
the number of paired hemibladders studied in each group. Serosal HTZ
had no effect on SCC or PD.
a Lumen negative
Control (M — S) = 1.89 0.18 and 2.03 0.19
pmol/min/mg at I and 4 hr, respectively (N = 12, NS)
Ouabain (S —* M) = 2.36 0.37 and 2.49 0.21
pmol/min/mg at 1 and 4 hr, respectively (N = 7, NS)
Ouabain (M —s 5) = 4.66 0.51 and 4.40 0.49
pmol/min/mg at I and 4 hr, respectively (N = 7, NS)
In contrast to these findings, the flux rates at 15, 30, and 45
minutes were not steady state; accordingly, only time periods of
60 minutes or more were used for Ca45 flux measurements.
Results
Membrane transport studies
Table 1 shows the effect of 1 mrvi HTZ on sodium transport in
the turtle bladder. Baseline sodium transport (SCC) in control
hemibladders was 252.0 41.1 Lamp/8 cm2 and potential
difference (PD) was 37.7 4.0 mV, lumen negative, (N = 8). In
the paired experimental hemibladder, prior to the administra-
tion of HTZ, SCC was 249.3 44.1 p.amp/8 cm2 and PD was
40.6 3.6 mV, lumen negative, (N = 8, NS). After a 60 minute
incubation with 1 mrvi HTZ, sodium transport was 109.7 6.1%
of control (N = 8); this value was not significantly different from
the paired hemibladder whose rate of sodium transport after a
60 minute incubation with the diluent was 100.1 5.0% of
control (N = 8, NS). PD after 60 minutes of incubation with
HTZ was not different from control (data not shown).
To document the inhibitory effect of thiazides on sodium
transport (SCC) in toad bladder reported by Schneider and
Ludens [9], we performed eight experiments in toad bladder in
which 5 x i0 M HTZ was placed in the mucosal bath for 120
minutes. At the end of that time control SCC was 284.7 71.9
tamp/8 cm2. SCC in hemibladders incubated with 5 x i0 M
HTZ was 201.4 52.3 ampf8 cm2, N = 8 (P < 0.05).
Using two different techniques, we studied the effect of
mucosal HTZ (1 mM) on proton secretion in turtle bladder. As
reported by Leif et a! 15] this dose of HTZ had no effect on
proton secretion when measured titrametrically. Our results
confirmed that finding. After 60 minutes, in control hemiblad-
ders JH was 0.975 0.163 iLmol/hr. In hemibladders containing
1 mM mucosal HTZ for 60 minutes, JH was 1.038 0.139
tmol/hr (N = 8, NS). RSCC was measured after serosal
ouabain (5 X 10 M) in eight additional bladders. Mucosal HTZ
had no effect on RSCC after 60 minutes of incubation (Table 2).
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Control 19.3 4.3 24.8 6.0
N= 6
P value NS NS
1 mM HTZ 25.3 7.4 27.8 5.4
N= 6
Serosal HTZ (1 mM) had no effect on SCC or RSCC when
bladders were followed for time periods up to 180 minutes. SCC
was 101.4 3.2% of baseline in control and 99.7 4,2% of
baseline after 180 minutes of incubation with serosal I-ITZ (N =
7, NS). RSCC was 98.7 2.1% of baseline in control and 103.1
3.8% of baseline after 180 minutes of incubation with serosal
HTZ (N - 6, NS).
Ca45 flux studies
Figure 1 summarizes the effect of mucosal HTZ on unidirec-
tional Ca45 fluxes in the short-circuited turtle bladder. In these
experiments the mucosa-to-serosa Ca45 flux (Fig. 1, left) was
measured in paired hemibladders with HTZ (1 mM) being added
to the experimental side for 60 minutes prior to the addition of
Ca45 (N = 8); the paired hemibladder served as the diluent-
treated time control. Note that 1 mrvi HTZ significantly stimu-
lated mucosal Ca45 transport (Fig. 1, left). Control mucosa-to-
serosa flux was 118.9 39.7 pmol/mg/hr (N = 8). Following a
60 minute incubation with HTZ, the mucosa-to-serosa Ca45 flux
increased to 296.1 45.2 pmol/mg/hr (N = 8, P < 0.02).
In a separate set of bladders the serosa-to-mucosa Ca45 flux
(Fig. 1, right) was measured after HTZ addition to the mucosal
solution (N = 13). HTZ had no effect on the serosa-to-mucosa
Ca45 flux as compared to the diluent-treated paired hemiblad-
der. As we have previously reported [41, Net under control
conditions in turtle bladders is secretory. This can be deduced
from the control columns in Figure 1 (serosa minus mucosa),
however, these are unpaired experiments. In paired hemiblad-
ders HTZ was added to the mucosal solutions as described, and
Ca45 was added to the serosa of one hemibladder and to the
mucosal of its mate. Ca45 fluxes were measured and JCa Net
(S —* M minus M — S) was calculated. Under control short-cir-
cuit conditions J€ Net is secretory (138.4 + 54.3 pmol/mg/hr, N
= 9) as we have previously reported 141. HTZ (mucosa) alters
Jca Net to a value not different from zero (8.7 17,9
pmol/mg/hr, N = 12). This effect is due solely to enhanced
mucosa-to-serosa Ca45 flux induced by HTZ.
In sharp contrast to the effect of mucosal HTZ on Ca4-5 flux,
the serosal application of HTZ for 60 minutes had no effect on
calcium transport in turtle bladder. Mucosa-to-serosa Ca45 flux
after serosal HTZ was 131.2 21.9 pmol/mg/hr (N = 7, NS
from control, 156.7 63.8 pmol/mg/hr). The secretory calcium
flux (that is, the serosa-to-mucosa Ca45 flux) after serosal HTZ
was likewise unaffected. The serosa-to-mucosa Ca45 flux was
321.7 43.4 pmol/mg/hr(N = 7, NS from control, 382.8 59.4
pmol/mg/hr).
30
Control 1 mr HTZ Control 1 mM HTZ
Mucosa—serosa flux Serosa-mucosa flux
Fig. 1. Effect of mucosal hydrochlorothiazide (ItniM) on Ca45 flux. Left
is mucosa-to-serosa Ca45 flux and right is the serosa-to-mucosa Ca45
flux. Open bars are diluent-treated time controls and black bars are the
HTZ-treated group (pH 7.4, 2 1°C). Serosal hydrochlorothiazide had no
effect on Ca45 fluxes as compared to control diluent treated hemibladders.
In order to determine whether the effect of mucosal HTZ on
mucosa-to-serosa Ca transport was dependent on active sodium
transport, we measured the Ca45 fluxes after administration of 5
x 10 M ouabain. Even in the absence of sodium transport,
mucosal HTZ significantly stimulated mucosa-to-serosa Ca45
transport as compared to control (321.6 116.5 pmol/mg/hr
versus 238,1 92.2 pmol/mg/hr, respectively, N — 8, P <0.05).
In a separate group of nine bladders, 1 mst HTZ had no effect
on the calcium secretory flux. The serosa-to-mucosa Ca45 flux
in the presence of ouabain was 69.3 16.7 pmol/mg/hr.
Following ouabain plus HTZ, the serosa-to-mucosa Ca45 flux
was 66.3 12.4 pmol/mg/hr (N = 9, NS). Thus, while ouabain
alone results in net calcium absorption in the turtle bladder, the
mucosal addition of HTZ further stimulates that absorption by
an increment of approximately one-third (84 pmol/mg/hr).
Tissue cak'ium45 content
Table 3 shows the tissue Ca45 content at the end of the flux
experiments. Note that in control and I-ITZ-treated bladders
tissue Ca45 content was approximately 35-fold lower when the
isotope was placed on the mucosal membrane, indicating that
the barrier to calcium transport is at the mucosal membrane.
HTZ, when added to the mucosal solution, significantly in-
creased the mucosal Ca45 content as compared to control (170.9
19.2 pmol/mg vs. 64.7 7.2 pmol/mg, N — 21, P < 0.001).
After administration of ouabain, a maneuver which abolishes
sodium transport, HTZ also significantly increased the mucosal
Ca45 content (164.6 25.9 pmol/mg vs. 83.7 12.1 pmol/mg, N
= 17, P < 0.01). HTZ was without effect on serosal Ca45
content (Table 3). Serosal Ca45 content was more variable and
Table 2. Effect of mucosal hydrochlorothiazide (HTZ) on proton
secretion (RSCC) in the isolated turtle bladder
PD RSCC
p.a,npI8 cm2
P<0.02
N, the number of paired hemibladders studied
a Lumen positive PD after serosal administration of 5 x 10 M
ouabain.
NS
T
1000
300
100
E0.
a,
x
Co(.)
10
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Table 3. The effect of mucosal hydrochlorothiazide (1 mM) on Ca45
tissue content in control and ouabain-treated hemibladders
Pmol/mg SEM
Mucosal Serosal CA45
Condition CA45 content content
Short-circuited
Control 64.7 7.2
(19)
2937.25 271.01
(40)
HTZ 170.9 19.2
(31)
4104.16 654.56
(31)
P< 0.001 NS
Ouabain plus short-circuited
Control 83.7 12.1
(42)
2832.71 329.45
(38)
HTZ 164.6 25.9
(48)
3245.58 391.23
(40)
P< 0.01 NS
In each group 8 to 13 hemibladders were studied. At the end of the
flux experiments each hemibladder was then divided into 2 to 4 samples
depending on total weight of the exposed surface area. The numbers
given in parentheses are the total number of tissue samples analyzed for
Ca45 content.
tended to rise in the presence of HTZ (N = 21) or HTZ plus
ouabain (N = 17); neither of these values, however, were
significantly different from their respective controls. If HTZ
was placed in the serosal bath tissue Ca45 content (mucosal or
serosal Ca45 content) was not different from its respective
control (data not shown).
Discussion
We have recently shown that the turtle bladder exhibits
bidirectional calcium transport, with a net secretory flux ob-
served under control conditions [4, 101. Inhibition of sodium
transport with ouabain causes net calcium flux to become
absorptive. This effect occurs by decreasing serosa-to-mucosa
calcium flux. Since the turtle bladder is sensitive to thiazide
diuretics [5] at certain concentrations, and since it exhibits
bidirectional calcium transport [4, 101, the tissue is an excellent
experimental model to examine the effect of diuretics on
calcium transport under conditions in which confounding vari-
ables are controlled.
The present study shows that the mucosal or serosal appli-
cation of 1 mrvi hydrochlorothiazide in turtle bladder has no
effect on sodium transport as measured by short-circuit current.
Similarly, the agent (mucosal applicaion) has no effect on
proton secretion when measured either titrametrically (pH Stat)
or electrically using the reverse short-circuit technique.
Our study also shows that at a dose of thiazide which has no
effect on the electrical properties of the membrane, the muco-
sal, but not serosal, application of hydrochlorothiazide (1 mM)
directly stimulates mucosa-to-serosa Ca45 flux. The drug is
without effect on the serosa-to-mucosa Ca45 flux.
To further examine the effect of hydrochiorothiazide on
calcium transport, we measured Ca45 fluxes after inhibition of
sodium transport with ouabain. Even in the absence of sodium
transport, mucosal hydrochlorothiazide significantly increases
the mucosa-to-serosa calcium flux. Again, the drug had no
effect on the serosa-to-mucosa calcium flux.
In 1961 Walser and Trounce [1] suggested that the thiazides
affected calcium transport independently from effects on sodi-
um. Using clearance techniques in dogs undergoing a saline
diuresis, these investigators found that an acute infusion of
hydrochiorothiazide (or chlorothiazide) decreased calcium ex-
cretion. In the rat distal nephron Costanzo and Windhager [3],
using the in vivo microperfusion technique, showed that the
continuous infusion of chlorothiazide increased mucosa-to-
serosa Ca45 flux of the distal nephron without changing the
potential difference across the tubule. In this setting the tubule
is studied under open-circuit conditions. Taken together, these
results suggest that in the mammalian nephron, the thiazides
exert a direct effect on calcium at the apical membrane.
Our results, using an entirely different model, show that
hydrochlorothiazide enhances only the mucosa-to-serosa cal-
cium flux. This increase in flux is associated with a rise in
mucosal tissue Ca45 content; the serosa-to-mucosa calcium flux
is unaffected. In the turtle bladder the effect of hydrochloro-
thiazide on calcium transport may be linked to changes in
voltage. This is unlikely as all our experiments were voltage-
clamped and studied under short-circuit conditions. Alterna-
tively, the effect of hydrochlorothiazide may be related to
sodium transport. This does not appear to be the mechanism as
the drug increases the mucosa-to-serosa calcium flux even in
the presence of ouabain.
Thus, the effect of the thiazides on calcium transport in turtle
bladder does not appear to be related to changes in the electrical
parameters of the membrane as may be true for other tissues [9,
II]. Based on our findings, we conclude that the drug affects
calcium metabolism directly, probably at the apical membrane.
The minimal dose of thiazides for this effect is not yet known.
In summary, our study clearly demonstrates that the thiazide
diuretics stimulate calcium absorption in vitro. This effect can
be separated from all other known effects of the diuretic on
membrane transport.
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